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bstract
Solid-phase spectrophotometry was used to determine trace amounts of zirconium[IV] in water, soil, plant materials and ore
amples. Zr[IV] was sorbed in a dextran-type lipophilic gel as a complex with 2-(2-benzothiazolylazo)-3-hydroxyphenol. The
esin-phase absorbance at 569 and 800 nm was measured directly, allowing determination of Zr in the range 0.25–3.7 g L−1, with a
elative standard deviation of 1.06%. The influence of analytical parameters, including pH, the amounts of 2-(2-benzothiazolylazo)-3-
ydroxyphenol and sample volume was investigated. Molar absorptivity was 1.08 ×  105, 6.38 ×  106, and 1.97 ×  107 L mol−1 cm−1
t 100, 500 and 1000 mL, respectively. The limits of detection and quantification of the 500-mL sample method were 150 and
70 ng L−1, respectively, with 40 mg dextran-type lipophilic gel. For a 1000-mL sample, the limits of detection and quantification
ere 80 and 240 ng L−1, respectively. Increasing the sample volume enhanced the sensitivity. No significant interference from other
nions and cations was observed.
 2014 Taibah University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/3.0/).
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.  Introduction
Zirconium, which is widely distributed in the earth’s
rust [1], has many useful properties, such as the ability
o increase resistance to corrosion and the mechanical
trength of alloys at low and high temperatures. It is
ighly active metal but, like aluminium, has a tendency
o form a stable, cohesive protective oxide film. It is
sed mainly in the ceramics industry and for refractory
aterials, glazes, enamels, foundry moulds and abrasive
rits. It is used for removing sulfur, nitrogen and oxygen∗ Tel.: +20 552350996; fax: +20 132222578.
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from steel and in copper manufacture. Its transparency to
thermal neutrons has made zirconium a useful structural
material in nuclear reactors and chemical plants [2], par-
ticularly in reprocessing fast breeder reactor nuclear fuel,
as it is a readily extractable, long-lived fission product
and a contaminant of uranium and plutonium products.
The fission yield of zirconium is 7.0–7.5%; 95Zr has
a half-life of 65 days and is in transient equilibrium
with 95Nb (half-life, 35 days) at 765.79 keV gamma with
100% intensity. 95Zr is being considered for use in sol-
vent extraction flow sheets for reprocessing fuels with
a cooling period of about 2 years. The 95Zr–95Nb pair
is responsible for the majority of the gamma activity of
dissolvants of short-cooled fuels and contributes about
1% of the total activity of typical fast breeder reactor fuel
with a 6-month cooling period. Determination of trace. This is an open access article under the CC BY-NC-ND license
amounts of zirconium in environmental and industrial
samples is essential because of the high toxicity of its
compounds.
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Table 1
Comparison of some reagent for spectrophotometric determination of zirconium with the published methods.
Reagents λmax (nm) ε (L mol−1 cm−1) LOD (g L−1) Remarks Ref.
Arsenazo III 665 1.54 × 104 50 Al3+, Th4+, Fe3+, interfere [33]
Arsenazo III – – 0.48 SPE required [34]
Alizarin red S 520 7.04 × 103 100 Heating required [35]
Xylenol orange 429 6.9 × 105 120 Extraction with hexane [37]
Janus green dye 606 – 80 Catalytic oxidation by BrO3− [38]
Arsenazo III 665 1.5 × 104 Uranium is interfere [31]
2-(6-Bromo-2-
benzothiazolylazo)-5-
diethylaminophenol
420 4.4 × 105 30 Extraction required [40]
4-2-(Pyridylazo)-resorcinol 530 6.6 × 104 200 Uranium is interfere [41,42]
5,7-Dibromo-8-hydroxy
quinoline
416 1.05 × 104 600 Extracted with CHCl3 [44]
2-(5-Bromo-2-pyridylazo)-5-
diethylaminophenol
585 1.54 × 105 60 Methanol–water mixture [43]
Chrome azurol S 598 3.93 × 103 242 Extraction is not required,
uranium is not interfere
[45]
BTAHP (100 mL) 569 1.08 × 105 1.25 SPS PMa
BTAHP (500 mL) 569 6.38 × 106 0.15 SPS PMa
BTAHP (1000 mL) 569 1.97 × 107
a The proposed method.
Quantitative determination of zirconium has been
described. Various spectro-analytical techniques, such
as molecular fluorescence spectrophotometry [3],
atomic absorption spectroscopy [4], inductively cou-
pled plasma–optical emission spectrometry [5,6], laser
ablation inductively coupled plasma–optical emission
spectrometry [7], X-ray fluorescence spectroscopy [8,9],
inductively coupled plasma atomic emission spectrom-
etry [10–13] and ultraviolet–visible spectrophotometry
[18–37]. Other techniques include neutron activa-
tion [14], polarography [15–17], voltammetry [18],
ion-selective electrode [19], high-performance liquid
chromatography [4], liquid chromatography [20–22] and
chelating ion exchange followed by spectrophotometric
detection [21]. Ultraviolet–visible spectrophotometric
methods have been widely used because of their sim-
plicity, rapidity, low cost and wide application [23–26].
Widely used chromogenic reagents for the determina-
tion of Zr[IV] by spectrophotometry are pyrocatechol
violet [27], alizarin red S [28–30], arsenazo I and
III [27–31], xylenol orange [21,34–37], Janus green
dye [38], 2,4-dinitrophenol-(6-azo-2)-1-naphthol-3,8-
disulfonic acid (picramine epsilon) [39], 2-(6-bromo-2-
benothiaoylazo)-5-diethylaminophenol and sodium lau-
ryl sulfate [40], 4-(2-pyridiylazo) resorcinol [41,42], 2-
(5-bromo-2-pyridylazo)-5-(diethylamino)phenol [43],
5,7-dibromo-8-hydroxylquinoline [44] and chrome
azurol S [45]. Some of these methods have low sensi-
tivity and selectivity, while others have high sensitivity
but low selectivity (Table 1).0.08 SPS PMa
We chose a sensitive spectrophotometric method for
quantitative determination of zirconium, which is based
on the formation of a complex with chrome azurol S at
pH 4.2, to solve the problems associated with solid-phase
spectrometry. Fixation of the analyte as a complex in the
solid phase before measurement of the analytical sig-
nal has several advantages, including a notable increase
in sensitivity due to pre-concentration and, often, high
selectivity as a result of selective fixation of the analytes
in the appropriate solid support on the basis of differ-
ences in charge or polarity. Selection of the right solid
support, taking into account the chemical properties of
the complex or its derivative and the optical properties
of the whole structure, is the key factor in solid-phase
spectrometry.
The solid phases usually used in solid-phase
spectrometry are organic particles of diverse granu-
lometry and composition, especially adsorbents such
as silica gel or modified silica (i.e. C18 silica
gel) and ion exchangers such as polydextran gels
(Sephadex). These solids are hydrophilic, except for
C18 silica. We used an organic lipophilic solid
support to retain the derivative that produces the
analytical signal. Thus, Zr[IV] forms a complex
with 2-(2-benzothiazolylazo)-3-hydroxyphenol, which
is fixed in a lipophilic dextran-type gel. The pro-
posed method was satisfactorily used for determination
of Zr[IV] at the microgram per litre level in real
matrixes (water, soil, plant materials and ore sam-
ples).
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.  Experimental
.1.  Apparatus
A Perkin Elmer (Waltham, MA, USA) model lambda
2 spectrophotometer interfaced to an IBM SX-486
icrocomputer was used for spectral acquisition and
ubsequent manipulation of experimental data. A Perkin
lmer model 8300 Optima inductively coupled plasma
tomic emission spectrometer was used to measure
irconium. An Agitaser 2000 rotating bottle agitator
Tecnotrans, Barcelona, Spain), a desk centrifuge (URA
echnic 2610, Barcelona, Spain) and an Orion Research
Tokyo, Japan) Model 601 A/digital ion analyser pH
eter to check the pH of solutions with a combined glass-
aturated calomel electrode were used. Absorbance was
easured in two matching glass cells (Hellma, Type 100,
ullheim, Germany) with a 1-mm path length.
.2.  Reagents
All the chemicals were of analytical grade, and
eagents and the solutions were made with double-
istilled water.
Standard zirconium solutions (100 g mL−1 and
ynthetic samples) were prepared by dissolving
rO(NO3)2·2H2O (Loba Chemie Pvt Ltd, Mumbai,
ndia) in distilled water and standardized as per
he standard procedure [46]. Working solutions were
btained by suitable dilution of the stock solution with
ouble-distilled water.
2-(2-Benzothiazolylazo)-3-hydroxyphenol was pre-
ared according to recommended procedures [47]. A
olution of 1 ×  10−3 mol L−1 was prepared by dissolv-
ng the required weight in ethanol (Merck, Darmstadt,
ermany). Solutions of pH 2.5–12.0 Thiel buffer
ere prepared as described elsewhere [48]. Lipophilic
ephadex LH-20 gel (mesh 25–100 mm; Sigma, St
ouis, MO, USA) in its original dry state without pre-
reatment was used as the solid support. Reverse-osmosis
ater (Culligan C&I Reverse Osmosis System) was used
n all experiments, which were carried out at room tem-
erature.
.3.  Absorbance  measurements
The absorbance (real attenuation) of the complex
orbed in the gel was measured in a 1-mm cell at 569 nm
corresponding to the absorption maximum of the com-
lex) and 800 nm (a wavelength in the 700–850 nm
ange, in which only the gel absorbs light) and com-
ared with the absorbance of a 1-mm cell packed withy for Science 9 (2015) 227–236 229
gel equilibrated with blank solution. The net absorbance
was calculated by difference [49].
2.4.  General  procedures
For 25-mL samples, an appropriate volume contain-
ing 0.4–3.0 g Zr[IV] was placed in a 25-mL volumetric
flask with a stopper, 0.4 mL of 1 ×  10−3 mol L−1
2-(2-benzothiazolylazo)-3-hydroxyphenol solution and
2.5 mL pH 5.5 Thiel buffer solution were added, and the
solution was made up to 25 mL; the final concentration
of Zr[IV] was 16–120 g L−1. Then, 40 mg Sephadex
LH-20 (25–100 mesh) resin were added. The mixture
was mechanically stirred for 3 min; the coloured resin
beads were collected by filtration under suction and,
with the aid of a small pipette, packed into a 1-mm cell
with 0.005 mL of the filtrate. The cell was centrifuged
at 4000 rpm for 60 s. A blank solution containing all
reagents except Zr[IV] was prepared and treated in the
same way as the sample, and the difference in absorbance
between the sample and the blank, measured as described
above, gave the net absorbance.
For 100-mL samples, an appropriate volume
containing 0.4–4.0 g (4.0–40 g L−1) Zr[IV] was
transferred into a 1-L polyethylene bottle, and
0.8 mL of 1 ×  10−3 mol L−1 2-(2-benzothiazolylazo)-3-
hydroxyphenol solution and 7.0 mL of pH 5.5 Thiel
buffer solution were added; the bottle was filled up to
100 mL and 40 mg Sephadex LH-20 (25–100 mesh) resin
were added. The mixture was mechanically shaken for
10 min and treated as indicated above.
For 500-mL samples, an appropriate volume
containing 0.25–4.0 g (0.5–8.0 g L−1) Zr[IV] was
transferred into a 1-L polyethylene bottle, and
2 mL of 1 ×  10−3 mol L−1 2-(2-benzothiazolylazo)-3-
hydroxyphenol solution and 30 mL of pH 5.5 Thiel
buffer solution were added; the bottle was filled up to
500 mL and 40 mg Sephadex LH-20 (25–100 mesh) resin
were added. The mixture was mechanically shaken for
20 min and treated as indicated above.
For 1000-mL samples, an appropriate sample
containing 0.25–3.7 g (0.25–3.7 g L−1) of Zr[IV]
was transferred into a 2-L polyethylene bottle, and
2.75 mL of 1 ×  10−3 mol L−1 2-(2-benzothiazolylazo)-
3-hydroxyphenol solution and 50 mL of pH 5.5 Thiel
buffer solution were added; the bottle was filled up to
1000 mL and 40 mg Sephadex LH-20 (25–100 mesh)30 min; all other details were as described above. Cal-
ibration graphs were constructed as in the general
procedure, with known concentrations of Se solutions.
niversity for Science 9 (2015) 227–236
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2.5.  Distribution  measurements
2-(2-Benzothiazolylazo)-3-hydroxyphenol solution,
buffer solution and 40 mg of Sephadex LH-20 (25–100
mesh) resin were added to 100 mL of aqueous solution
containing 2 g Zr[IV]. After a 15-min equilibration, the
resin beads were separated by filtration under suction.
The equilibrium concentration of Zr[IV] in solution was
determined as described above for 100-mL samples. The
distribution ratio, D, was calculated from the initial and
equilibrium concentrations in the solution. An average
value of 8.0 ±  0.3 ×  104 mL g−1 was obtained from five
replicate determinations.
2.6.  Determination  of  zirconium  in  water
A water sample (5 mL) was treated with NaOH
(1.0 mol L−1, 0.5 mL) and EDTA (0.2 mol L−1, 0.5 mL),
mixed and centrifuged to remove any precipitate. The
supernatant was transferred to a 10-mL volumetric flask,
and the Zr content was determined directly by the general
procedure for determination of Zr[IV].
2.7.  Determination  of  zirconium  in  soil
A known weight of soil sludge sample was placed
in a 50-mL beaker and extracted with concentrated
HCl (4×  5 mL). The extract was neutralized with dilute
NaOH solution. EDTA (5.0%, 5 mL) was added, and
the contents were diluted to 25 mL with water. For Zr
determination, this solution was used directly for colour
development according to the general procedure.
2.8.  Determination  of  zirconium  in  plant  material
A sample of plant material (5 g) was digested
with HNO3 (10 mL) for 20 min. After cooling, HClO4
(0.5 mL) was added, and heating was continued for
another 10 min. Water (10 mL) and HCl (5 mL) were
added to the cooled residue. The solution was neutral-
ized with 0.05 mol L−1 NaOH and diluted to 50 mL after
addition of EDTA (5.0%, 5 mL). The solution was ana-
lyzed for Zr[IV] according to the general procedure.
2.9.  Determination  of  zirconium  in  ores
A finely ground sample was weighed to 1 g and mixed
with 5 g of Na2CO3 in a porcelain crucible. The mix-
◦tures were fused at 1000 C for 30 min. After fusion, the
residues were dissolved in 5 mL HCl (1 + 1). Solutions
that were not clear were filtered, and the residues on
the filters were carefully washed. The filtrates and theFig. 1. Absorption spectra for 2.75 × 10−6 M BTAHP complexed with
2.5 g L−1 Zr(IV) at optimum conditions for 1000 mL sample.
washings were collected in a 25-mL beaker, and the pH
of the final solutions was adjusted to 5.5. The mixtures
were then transferred to 100-mL measuring flasks, dis-
tilled water was added to the mark, and the zirconium
content was determined by the procedure recommended
for 1000-mL samples.
2.10.  Determination  of  zirconium  by  inductively
coupled  plasma  atomic  emission  spectrometry  [13]
An aliquot of zirconium solution containing
0.25–45 g zirconium was taken in a 50-mL beaker to a
total volume of approximately 30 mL. The pH of solution
was adjusted to pH 3.5, and it was then passed through
the column (containing 1 g of polyacrylonitrile-modified
zeolite) at a flow rate of 2 mL min−1. The column was
washed with 10 mL of deionized water, and the adsorbed
metal ions were eluted with 5 mL of 2 mol L−1 HCl at a
flow rate of 1 mL min−1. The eluent was collected in a
5-mL measuring flask, and the final solution was aspi-
rated directly into the inductively coupled plasma atomic
emission spectrometer against a blank prepared in the
same manner, but without the addition of zirconium ions.
3.  Results  and  discussion
For determination of the absorption spectrum of 2-(2-
benzothiazolylazo)-3-hydroxyphenol in the solid phase,
it was fixed on an anionic resin, giving an orange colour,
with λ = 467 nm in the resin phase and 463 nm inmax
solution. The presence of Zr[IV] ion resulted in a red
complex that shifted the λmax to 546–550 nm in solution
and 569 nm in the resin phase (Fig. 1). The sensitivity
A.S. Amin / Journal of Taibah Universit
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big. 2. Effect of pH on 2.5 g L−1 Zr(IV) complexed with
.75 × 10−6 M BTAHP at optimum conditions for 1000 mL sample.
learly increased when the complex was sorbed onto the
esin.
.1.  Optimization  of  variables
The ionic pair was not fixed on ion exchangers
uch as diethyl-[2-hydroxypropylaminoethyl] or diethy-
aminoethyl Sephadex or sulfopropyl or on hydrophilic
dsorbents such as G-25 Sephadex. The complex
as, however, strongly fixed on lipophilic Sephadex
hydroxypropyl-beaded dextran), as indicated by its dis-
ribution ratio of 8.0 ±  0.3 ×  104 mL g−1.
.1.1. Effect  of  pH
pH dependence was studied by applying the proce-
ure described for 100-mL samples. The optimum buffer
olution was determined by examining acetate, borate,
hosphate, Thiel and universal buffer solutions. Thiel
uffer gave the best results. The optimum pH for the for-
ation and fixation of species was 5.0–6.0 (Fig. 2), as,
t pH values below 5 or above 7, absorbance decreased
ignificantly. Hence, 5.5 was chosen as the working pH.
The absorbance was independent of the ionic strength
adjusted with buffer solution) up to a concentration of
.05 mol L−1. At higher concentrations, the absorbance
ecreased rapidly, as is usual in solid-phase spectrome-
ry studies, probably owing to competition between the
nions of the buffer for the anionic sites of the resin.
.1.2. Effect  of
-(2-benzothiazolylazo)-3-hydroxyphenol
oncentration
The absorbance increased with the 2-(2-
enzothiazolylazo)-3-hydroxyphenol concentration upy for Science 9 (2015) 227–236 231
to the ratio of 1. Consequently, a mole ratio of 1.12 was
chosen for the 25-mL procedure and mole ratios of 1.85,
4.20 and 6.95 for 100, 500 and 1000 mL, respectively.
3.1.3.  Effect  of  time
The optimum stirring times were 3, 10, 20 and 30 min
for the 25-, 100-, 500- and 1000-mL procedures, respec-
tively. The fixed complex was stable for at least 18 h after
equilibration. It was completely fixed on Sephadex LH-
20 (25–100 mesh) resin, and the extraction coefficient
constants in different volumes of the liquid phase were
not altered.
3.1.4.  Sequence  of additions
The sequence of addition of Zr[IV], 2-(2-
benzothiazolylazo)-3-hydroxyphenol, buffer and resin
resulted in greater absorbance than other sequences.
Use of a large amount of resin (mr) lowered the
absorbance [50–52]. Only the amount required to fill
the cell and facilitate handling (i.e. 40 mg) was used
for measurements. Molar absorbance (Ac) was reduced
according to the empirical equation:
Ac =  0.0011 +  0.0124/mr (r  =  0.997).  (1)
The agreement of the slope with Ac was calculated from
[53]:
Ac = εcIRCoV 1000
mr +  V/D , (2)
where εc is the molar absorptivity of the sample species
in the ion-exchanger phase (5857), IR is the mean light-
path length through the solid phase, Co is the initial molar
concentration of Zr[IV], V  is the volume of the sample
solution in L, and mr is the mass of ion exchanger in
grams. The fraction V/D  can be ignored if mr is ≥0.125 g,
resulting in Eq. (3) for the relation between absorbance
and the mass of the ion exchanger:
Ac = 1000εcIRCoV
mr
= K
mr
, (3)
where K  = 1000εcIRCoV, the slope of the graphical
representation of Ac versus 1/mr. Supposing
IR = 0.1 cm, the expected value of K  = 1000 ×
5857 × 0.1 ×  (1.97 ×  10−7) ×  0.100 = 0.01154, which
is in excellent agreement with the experimental value of
0.0117.
3.2.  Fixed  complexThe nature of the species fixed on the resin
was established at the working pH 5.5 from the
molar ratio and by continuous variation methods. Plot
niversit232 A.S. Amin / Journal of Taibah U
A versus the mole ratio of 2-(2-benzothiazolylazo)-
3-hydroxyphenol to Zr[IV], obtained by varying
the 2-(2-benzothiazolylazo)-3-hydroxyphenol concen-
tration, showed an inflection at 1. Moreover, the Job
method showed that the mole ratio was 1. Consequently,
the results indicated that the stoichiometry was 1:1. The
conditional formation constant (log K) calculated from
the Harvey and Manning equation [54] with the data
obtained by the above two methods was 5.68, whereas
the true constant was 5.75.
3.3.  Analytical  data
The analytical parameters are summarized in Table 2.
We found that one of the main contributors to the
RSD is variation in ion-exchanger packing. The RSD
was 5.7% without centrifugation for the 100-mL sam-
ple and 10 determinations. When the cells packed with
the resin phase were centrifuged for 60 s at 4000 rpm
before absorbance measurement, the RSD decreased to
1.07% and the absorbance value increased to about 25%.
These results indicate that increasing the sample vol-
ume increases the slope of the calibration graph and the
sensitivity of the proposed method.
The sensitivity of the method, expressed as εc, is com-
pared with that of spectrophotometric procedures cited
in the literature in Table 1. The increase in sensitiv-
ity obtained with the proposed method was substantial,
especially in comparison with solution methods.When reproducibility was measured for 10 indepen-
dent determinations with 2.5 g L−1 Zr[IV] in 500- and
1000-mL samples with 40 mg of the exchanger, the
RSDs were 1.05 and 1.20%, respectively.
Table 2
Analytical parameters for Zr(IV) determination using the proposed method at
Parameter Volume of sample system (mL)
25 100 
Slope 2.00 11.75 
Intercept 0.009 0.006 
Linear dynamic range (g L−1) 20–100 (30–80)a 4.0–40.0
ε (L mol−1 cm−1) 2.66 × 104 1.08 × 10
Sandell sensitivity (ng cm−2) 0.034 0.0071 
Correlation coefficient (r) 0.9984 0.9988 
LOD (g L−1)b 6.1 1.25 
LOQ (g L−1) 19.00 3.85 
RSD, % (n = 10) 1.55 1.07 
50c 20c
a Evaluated by Ringbom method.
b K = Repeating unit.
c Zr(IV) concentration (g L−1) used for the determination of the reproducy for Science 9 (2015) 227–236
The sensitivity of solid-phase spectrometry methods
can be enhanced by increasing the sample volume [55]
and can be evaluated by measuring the absorbance of
the resin equilibrated with different volumes of solu-
tion containing the same concentration of Zr[IV] and
proportional amounts of the other reagents. Absorbance
is independent of the sample volume at higher volumes
(≥1.5 L), as seen commonly in solid-phase spectrometry
[50–52].
In practice, the increase in sensitivity with larger
amounts of sample solution can be calculated from the
slope of the calibration graphs (Table 2). The calculated
values of the sensitivity ratio, S, for the samples ana-
lyzed were S  (1000/500) = 3.09, S (1000/100) = 182.4,
S (1000/25) = 740.6, S  (500/100) = 59.07, S
(500/25) = 239.85 and S  (100/25) = 4.06. The val-
ues obtained with the distribution ratio value, D, were
3.0573, 182.44, 738.85, 58.85, 238.60, and 4.11,
respectively. The limits of detection of the methods
are similar to those of other sensitive techniques,
such as atomic absorption spectroscopy [4], laser
ablation inductively coupled plasma–optical emission
spectrometry [7], X-ray fluorescence spectroscopy
[8,9] and inductively coupled plasma atomic emission
spectrometry [10–13]. Although the time required for
analysis with these techniques is shorter than that for
solid-phase spectrometry, the cost of equipment is
considerably higher. The accuracy and precision of the
proposed solid-phase spectrometry method is similar to
that of the other techniques.The results of pre-concentration studies for the deter-
mination of Zr[IV] are compared in Table 3, which shows
that the detection limit of the proposed method is bet-
ter than those of the other methods. The selectivity of
 the optimum conditions.
500 1000
70 216.22
−0.005 −0.008
 (6.0–36)a 0.5–8.0 (0.8–7.6)a 0.25–3.7 (0.5–3.5)a
5 6.38 × 106 1.97 × 107
0.0014 0.0004
0.9992 0.9996
0.15 0.08
0.47 0.24
1.03 1.10
4.0c 2.0c
ibility.
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Table 3
Comparative data from previously reported methods for zirconium determination.
Ligand/adsorbent Measurement
technique
Sample (mL) Enrichment
factor
LOD (ng mL−1) RSD (%) Ref.
2-(5-Bromo-2-pyridylazo)-5-diethylamino-
phenol
(5-Br-PADAP)
RP-LC 100 – 0.2 4.3 [4]
8-Hydroxyquinoline/vinyl polymer resin ICP-MS 250 50 0.15 2–4 [10]
Dibenzoylmethane (DBM)-Triton X-114 ICP-OES 50 37.0–43.6 15 6.1 [11]
Quinalizarin-Triton X-114 ICP-OES 100 38.9 0.26 2.9 [12]
Quinalizarin/octadecyl silica-polyethylene ICP-AES 25 330 40 1.6 [13]
Surface imprinted amino-functionalized
silica gel
ICP-AES 400 200 0.14 1.49 [56]
5-Br-PADAP UV–vis 150 100 0.2 4.3 [57]
PAN/HDTMA-Br coated clinoptilolite ICP-AES 50 130 0.1 0.9–2.3 [58]
BTAHP UV–vis 100 – 1.25 1.34 PM
B 500 
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he proposed method for ions such as K+, Ca2+, Mg2+,
H4+, Na+, Cl−, and CH3COO− is very good or com-
arable to that of other methods in which Zr[IV] was
re-concentrated onto other sorbents.
.4.  Effect  of  foreign  ions
A systematic study of the effect of foreign ions on the
electivity of determination of Zr[IV] was carried out to
etermine the maximum concentration that causes inter-
erence. Natural water is a complex system that contains
everal cations and anions that are potential sources of
nterference. The results for 13 common species usu-
lly found in water are shown in Table 4. In this study
 tolerance limit of the interfering species was fixed at
oncentrations that caused no more than 5% change in
he absorbance of a 2.5 g L−1 Zr solution. Table 4 also
hows the limits of the interfering ions evaluated for the
etermination of Zr[IV]; the excellent selectivity of the
able 4
olerance limits of several ions for the recovery of 2.5 g Zr(IV)
results giving ≤5.0% error] using 1000 mL sample optimum
onditions.
pecies Tolerance limit mass ratio
a+, Cl−, CH3COO−, NO3−, PO43+ −6000
+
, Ca2+, Mg2+, Mn2+, IO3−, C2O42− +2500
4+
, Ag+, Cr3+, Cr6+, NH4 +1700
e3+, Cu2+, Zn2+, Br− −1250
e2+, Hg2+, Zn2+, Th4+, UO22+ +800
r3+, Pb2+, Al3+, Tl+, Ni2+ +550
s+, SO42− −300
o2+, Mo6+ −250
a3+, Sc3+, Y3+ and Ti4+ +200– 0.15 1.17 PM
– 0.08 1.06 PM
method proposed was confirmed by good tolerance for
these chemical species, with no severe interference. As
the maximum acceptable concentration of those species
in water was lower than the tolerance limit found, the
procedure could be useful for Zr determination in water.
3.5.  Accuracy  and  precision
In order to determine the accuracy and precision of
the proposed method, solutions containing six concen-
tration of Zr[IV] were analyzed in quintuplicate, and
the percentage RSD was measured for precision and
percentage relative error for accuracy. Precision was
determined in six determinations at four concentrations.
The results for inter-day and intra-day precision and
accuracy show good repeatability and reproducibility.
The relative errors and RSDs were considered satisfac-
tory for the concentrations examined.
3.6.  Ruggedness  and  robustness
The ruggedness of the proposed methods was
assessed by using two different instruments in two labo-
ratories at different times. Laboratory-to-laboratory and
day-to-day variation were reproducible, as the RSD did
not exceed 1.13%.
The robustness of the method was assessed by
evaluating the influence of small variations in the con-
centrations of reagent, buffer and ion exchanger on the
analytical performance of the method. In these experi-
ments, one experimental parameter was changed while
the others were kept unchanged, and the percentage
recovery was calculated. Small variations in any variable
did not significantly affect the results, with recoveries
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Table 5
Typical zirconium recovery experiments in real Zr-free water samples spiked with known amounts of zirconium using 1000 mL sample at its optimum
conditions.
Sample Added (g L−1) Founda (g L−1) Recovery (%) t-testb F-valuec
Proposed ICP-AES
Tap water 3.3 3.29 3.35 99.70 1.11 2.57
River water1 1.8 1.82 1.75 101.11 1.27 2.61
River water 2 2.5 2.53 2.55 101.2 1.65 3.38
Industrial waste water 1 3.2 3.18 3.35 99.38 1.42 2.88
Industrial waste water 2 2.0 1.98 2.05 99.00 1.17 2.43
Polluted water 2.4 2.41 2.35 100.42 1.33 2.76
Red sea water 2.2 2.23 2.25 101.36 1.72 3.55
Mediterranean sea water 2.8 2.85 2.90 101.79 1.54 328
Plant material (5.0 g cabbage) 3.5 3.53 3.45 100.86 1.52 3.19
Soil sludge (1.0 g) 3.0 3.03 2.94 101.00 1.08 2.32
Clay stone (g g−1) 2.45 2.50 1.47 3.05
Iron stone (g g−1) 2.90 2.86 1.63 3.29
a The measured amounts are the average of six determinations.
b Tabulated t-value for five degrees of freedom at P (0.95) is 2.57.
c Tabulated F-value for five degrees of freedom at P (0.95) is 5.05.
of 98.7–101.4%. This also gives an indication of the
reliability of the proposed method for routine work.
3.7.  Analytical  applications
The solid-phase spectrometry method proposed was
used for the determination of Zr[IV] in real matrixes
(water, soil, plant materials and ore samples). The results
given in Table 5 for the determination of Zr[IV] in local
commercial samples are in excellent agreement with
those found with a reference method [13], indicating
that there is no need for any separation or extraction,
because of the complete sorption of the formed com-
plex on the dextran-type lipophilic gel. The precision
for the samples studied was also satisfactory. The loss
of sensitivity due to matrix effects, evaluated from the
slope quotients between the standard addition calibra-
tion graph and the standard calibration graph, was 0.58,
0.87, and 0.98, respectively. As the Zr[IV] content of
water samples collected from Benha (Egypt) was below
the detection limit of the 1000-mL method, a recovery
study was performed by adding three different amounts
of Zr[IV] to the sample (Table 4). The average recovery
(mean of six determinations) was acceptable.
The performance of the proposed method was
assessed in Student’s t test (for accuracy) and F  tests (for
precision) [59] as compared with the reference method
[13], with no variation in the procedure. Mean values and
95% confidence limits were obtained for five degrees
of freedom. The calculated values (Table 5) did not
exceed the theoretical values. The advantages of the
proposed method over earlier ones are a wider rangeof determination, better accuracy, greater stability and
shorter time.
4.  Conclusions
The proposed method has several advantages. First,
the reagent is easily obtained; secondly, a large amount
of reagent in the sample solution does not cause
interference; thirdly, measurements of molar absorp-
tivity showed that it is more sensitive than previously
used reagents for spectrophotometric determination
of Zr[IV]. Increasing the sample volume enhances
the sensitivity (with molar absorptivity of 1.08 ×  105,
6.38 ×  106, and 1.97 × 107 L mol−1 cm−1 for 100, 500
and 1000 mL, respectively). The limits of detection and
quantification of the 500-mL sample method were 150
and 470 ng L−1, respectively, with 40 mg of dextran-
type lipophilic gel. For the 1000-mL sample, the limits
were 80 and 240 ng L−1, respectively, with 40 mg of the
exchanger.
The proposed method has been used to determine
Zr[IV] in water, soil, plant material and ore samples
by the standard addition technique, with good results.
The proposed method is simple and more sensitive at
the nanogram level than other methods commonly used,
in addition to lower tolerance limits.References
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